Traditionally, type 1 diabetes (T1D) has been thought of as a disease of cellular immunity, but there is increasing evidence that components of the innate immune system, controlled largely by Toll-like receptors (TLRs), play a significant role in T1D development. TLRs are pattern-recognition molecules on immune cells that recognize pathogens, leading to the production of cytokines such as interleukin-1β (IL1β, encoded by the IL1B gene). IL1β is increased in patients with newly diagnosed T1D and likely acts as an early inflammatory signal in T1D development. Because hyperglycemia is a hallmark of T1D, the effects of hyperglycemia on IL1β expression in peripheral blood mononuclear cells (PBMcs) and islet cells have been examined, but with inconsistent results, and the mechanisms leading to this increase remain unknown. Fatty acids stimulate IL1β expression and may promote inflammation, causing hyperglycemia and insulin resistance. The mechanisms by which IL1β is involved in T1D pathogenesis are controversial. Overall, studies in pancreatic β-cells suggest that IL1β-mediated damage to islet cells involves multiple downstream targets. Potential therapies to decrease the progression of T1D based on IL1β biology include pioglitazone, glyburide, IL1 receptor antagonists, and agents that remove IL1β from the circulation.
T he incidence of type 1 diabetes (T1D), the most common endocrine disorder of children, is increasing at an alarming rate. There is no cure, and T1D pathophysiology is still not fully understood. Insulin, the main therapy for T1D, does not treat the underlying cause but treats only the consequence of autoimmune destruction of the insulin-producing pancreatic islet β-cells. Traditionally, T1D has been thought of as a disease of cellular immunity (1, 2) , but there is increasing evidence that components of the innate immune system play a significant role in its development. The innate immune system is regulated largely by Toll-like receptors (TLRs), pattern-recognition molecules that recognize specific pathogens or endogenous danger signals, activating a nonspecific yet robust inflammatory response. This response includes the production of cytokines such as interleukin-1β (IL1β) that orchestrate the recruitment of inflammatory cells to the islets and mediate direct cytotoxic effects on β-cells (3) (4) (5) .
The signaling pathway from TLR activation to secretion of mature IL1β is complex. Activation of the intracellular signaling pathway via nuclear factor-κB (NFκB) increases the transcription of the IL1B gene encoding pro-IL1β and thus intracellular levels of the procytokine. Subsequent protein processing by the NLRP3 inflammasome, a complex that includes NACHT, LRR, and PYD domains-containing protein-3 (NLRP3); apoptosis-associated speck-like protein; and caspase 1 (previously known as IL-converting enzyme), cleaves pro-IL1β to the mature protein (Figure 1 ; ref. 6) . Although there are pathways other than TLR that lead to IL1β release, such as the adenosine triphosphate receptor P2X7, and there are other inflammasomes, such as IL-converting enzyme protease-activating factor and NLRP1, that activate caspase 1, this review will focus on the TLR to NLRP3 inflammasome pathway.
IL1β has long been implicated in the development of T1D, but there is increasing evidence that this cytokine acts as an early inflammatory signal in this process. IL1β has also been implicated in the pathogenesis of type 2 diabetes (T2D) (3) , and much recent research involving hyperglycemia and IL1β has focused on T2D. Although there is overlap in the final pathway between these two distinct entities, and this review refers occasionally to T2D literature, it is important to remember that T1D results from autoimmune destruction of the pancreatic β-cells, whereas T2D results from a combination of insulin resistance, nonimmunological β-cell apoptosis, toxic effects of elevated glucose and fatty acids, inflammation, and other factors (3). Supplementary Table S1 is available online and it summarizes the major findings from the articles reviewed in this paper and differentiates between studies of T1D and T2D.
IL1-receptor antagonist (IL1-ra), an endogenously produced protein, blocks the interaction of IL1β with its receptor. Under homeostatic conditions, there is a balance between IL1β and IL1-ra, and no inflammatory responses are triggered. Thus, when IL1-ra content is decreased, there is unchecked activity of IL1β, resulting in downstream effects. This property of IL1-ra has been harnessed to develop synthetic IL1-ra and IL1 traps as anti-inflammatory agents that have US Food and Drug Administration approval for treatment of certain types of arthritis and cryopyrin-associated periodic syndromes. These relatively new compounds are beginning to be studied in humans with T1D. An increased understanding of the role of IL1β in T1D pathophysiology may allow improved treatment of T1D, especially because these US Food and Drug Administration-approved drugs now exist.
Il1β anD T1D

Studies of IL1β in Human T1D
IL1β is secreted mainly by macrophages (7) . We previously demonstrated that IL1B mRNA is increased in peripheral blood mononuclear cells (PBMCs) obtained from newly diagnosed T1D patients (8) . IL1B expression decreases over the first 4 months after diagnosis, and by 2 y, IL1B mRNA levels are comparable to those of healthy controls. In addition, unstimulated monocytes from newly diagnosed patients with T1D express higher levels of IL1β, and activation of PBMCs with lipopolysaccharides (LPSs) leads to increased IL1β as compared with healthy controls (9) . Others found that serum IL1β concentrations are elevated in both long-standing (10, 11) and newly diagnosed T1D patients, although IL1β levels decreased after treatment of newly diagnosed T1D (11) . Moreover, as determined by enzyme-linked immunosorbent spot, PBMCs from T1D patients had higher basal production of IL1β than cells from healthy controls (12) . Collectively, these data suggest that IL1β is elevated early in the course of T1D. It is possible that IL1β represents an early biomarker of disease initiation that may contribute to T1D progression.
It is worth asking whether the characteristic biochemical changes of diabetes, including hyperglycemia and increased levels of glycated plasma or endothelial proteins, might affect inflammatory processes and thus create a vicious cycle that exacerbates β-cell dysfunction. There is controversy as to the effect of high glucose on IL1B expression in macrophages. High glucose induces the expression of TLR2 and TLR4 in the THP-1 human monocytic cell line (13) , and TLR2 mRNA content is increased in PBMCs from patients with long-standing T1D (10) . Moreover, small interfering RNA knockdown of these TLRs decreases intracellular NFκB activity and IL1β protein in the supernatant, suggesting that stimulation of IL1β secretion by hyperglycemia is modulated by TLRs via the NFκB pathway (13) . However, others have found that hyperglycemia does not itself increase the production of IL1β because blood obtained from patients before the overt development of T1D had elevated IL1β expression, whereas patients with long-standing diabetes in suboptimal glycemic control did not (14) . In addition, when patients with long-standing T1D were made acutely hyperglycemic, their IL1β levels were not different from those of the control group, but another proinflammatory cytokine, IL1α, was elevated in the patients with marked hyperglycemia (15) . Because IL1α binds to the same receptor as IL1β, this finding would suggest that IL1α could contribute to the chronic inflammation associated with T1D.
Nonenzymatic protein glycation occurs in the presence of chronic hyperglycemia. Advanced glycation end products induce macrophages to release IL1β and tumor necrosis factor-α in some (16) but not other (17) studies. Further, stimulation of a human microvascular endothelial cell line with advanced glycation end products did not increase proinflammatory signaling molecules (17) .
There is also inconsistency as to the effect of hyperglycemia on IL1β expression in islet cells, with increased IL1β in β-cells from patients with T2D in some (18) but not other (19) studies. Moreover, human islet cells from nondiabetic donors exposed to various glucose concentrations showed no differences in IL1β expression in one study (19) , whereas others found that roughly half of islet cell preparations from nondiabetic donors secrete IL1β when exposed to high glucose (18, 20) .
In vivo, short-term glucose exposure alone does not appear to increase IL1β expression. When glucose/insulin clamp studies were performed on healthy adults, hyperinsulinemia led to increased IL1β expression as compared with baseline, and hyperglycemia increased IL1β expression further. However, hyperglycemia alone did not increase IL1β expression (21) . These data may help explain increased IL1β levels in patients with T2D who have elevated insulin levels, but cannot explain elevated IL1β levels in T1D patients because they have islet cell failure.
As mentioned, IL1-ra is an endogenous protein that blocks the interaction between IL1β and its receptor. IL1-ra expression was observed in pancreatic sections from patients with 
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Grishman et al. T2D . Antagonizing IL1-ra using small interfering RNA in healthy human islets led to decreased glucose-mediated insulin release, whereas adding exogenous IL1-ra restored glucose stimulation. Decreased IL1-ra expression leads to β-cell dysfunction and apoptosis. Additionally, this scenario can also induce IL1β release, further damaging β-cells (22) . Although the mechanisms are not yet clear, human islets from nondiabetic donors exposed to T1D sera downregulate the expression of IL1-ra relative to islets exposed to autologous or allogeneic sera (23) .
IL1β Action on β-Cells
The mechanisms by which IL1β contributes to the pathogenesis of diabetes are controversial. Islet cells demonstrate autocrine increases in IL1β when exposed to IL1β or glucose (24) . It is possible that IL1β acts in concert with other cytokines to cause islet cell death. For example, whereas no apoptosis was observed in nondiabetic human islet cells incubated with either IL1β or interferon-γ alone, exposure to both cytokines simultaneously resulted in increased apoptosis as a result of death protein 5/harikari activation (25) , which in turn is associated with an NFκB-regulated increase in expression of the p53 upregulated modulator of apoptosis (26) . These cytokines, through a currently unidentified pathway, also activate p38, which has a direct role in β-cell death (27) . Another group found that IL1β activates p38, extracellular signal-regulated kinases-1/2, and c-Jun amino-terminal kinase, but only inhibition of c-Jun amino-terminal kinase protected cultured cells from apoptosis (28) . In addition to signaling through mitogen-activated protein kinase, IL1β plus interferon-γ also create endoplasmic reticulum stress in rat islet cells, but this stress is not necessary for β-cell death (29) .
In β-cells, increased IL1β resulting from hyperglycemia was associated with an increase in NFκB activity and eventually impaired β-cell function, as determined by acute glucose-stimulated insulin release. In the same studies, β-cells pretreated with IL1-ra were protected from apoptosis (20) . Treatment with IL1-ra decreased nitric oxide production and inducible nitric oxide synthase in both human and Harlan Sprague-Dawley rat islet cells, suggesting that IL1β-induced β-cell damage was secondary to inducible nitric oxide synthase expression and NO production (30) .
Culturing mouse islet cells with IL1β decreases insulin secretion and reduces intracellular insulin content (7). IL1β may decrease insulin secretion in part by reducing levels of mRNA and protein for glucokinase, a key component of the glucose sensor in islet cells (31) . Moreover, IL1β inhibits insulin release from previously docked granules in the β-cells of rats. Thus, there is impaired first-phase release of insulin (32), mirroring observations in humans in the early stages of T1D.
Although in vitro experiments suggest that IL1β is detrimental to insulin secretion, mouse studies from the 1980s suggest that IL1β is protective against chemically induced diabetes development. IL1β injected into alloxan-treated mice decreased glucose levels within 30 min. IL1β was more effective in reducing blood glucose when given in the early stages of diabetes. In streptozotocin-treated mice (another chemical model), the decrease in glucose levels was more modest and required multiple IL1β injections, whereas there was improvement in diabetic db/db mice with one injection of IL1β (33) . Although the mechanism by which IL1β decreases blood glucose in these situations is not clear, one possible explanation for these results is that a systemic injection of IL1β may not increase local pancreatic levels of IL1β.
Taken together, these studies suggest that IL1β-mediated damage to islet cells likely involves multiple downstream targets.
PoSSIblE MECHanISMS FoR InCREaSED Il1β In PaTIEnTS WITH nEWlY DIaGnoSED T1D
TLRs
TLRs, important regulators of the innate immune system, are evolutionarily conserved receptors that recognize pathogen fragments or endogenous molecules known as pathogen-associated or danger-associated molecular patterns, respectively. TLRs are type 1 transmembrane glycoprotein receptors that contain leucine-rich repeat motifs that mediate ligand binding and a highly conserved cytoplasmic domain that binds downstream adaptor molecules. Upon ligand binding, the TLRs homodimerize or heterodimerize, and intracellular signaling is mediated via adaptors such as myeloid differentiation factor 88 or Toll-receptor-associated activator of interferon (34) . Activation of TLRs triggers a signaling cascade producing inflammatory cytokines that recruit components of the adaptive immune system to kill the pathogen. TLRs activate transcription factors that increase expression of a variety of inflammatory markers (35) . Although TLRs are most often associated with infectious diseases, they have more recently been associated with noninfectious conditions such as asthma (36) , inflammatory bowel disease (37), rheumatoid arthritis (38), and T1D. There are 12 known TLRs with various specificities; TLR2 and TLR4 have been implicated in T1D. They signal through NFκB to prime the NLRP3 inflammasome, resulting in increased IL1β mRNA and protein expression.
We previously found that, relative to healthy controls, PBMCs from patients with newly diagnosed T1D have increased mRNA expression of TLR4 (ref. 8) . In a study by Devaraj et al. (39) , monocytes isolated from the blood of patients with T1D had higher mRNA expression and surface expression of TLR2 and TLR4 in both the basal and activated states than those from healthy controls. Moreover, protein concentrations of NFκB, MyD88 TIR-domain-containing adapter-inducing interferon-β, and IL1-receptor-associated kinase were also increased, suggesting that TLR-dependent pathways were upregulated in T1D (39) . In contrast, a study by Du et al. (40) demonstrated no differences in surface expression of TLR2 or TLR4 in mononuclear cells obtained from patients with T1D and healthy controls. This difference could be because the patients in Du's study were diagnosed with T1D in their 30s as compared with patients in Devaraj's study, who were diagnosed with T1D before the age of 18 years. Although Du et al. 
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TLRs, NLRP3, and IL1β in T1D development did report increased surface expression of TLR4 after stimulation with LPS (an agonist for TLR4), and T1D monocytes secreted more IL1β than healthy controls when stimulated by LPS (40) .
Although TLRs are often thought to be proinflammatory, TLR2 may have both pro-and anti-inflammatory properties, depending on ligand binding (41) . Stimulation of antigen-presenting cells simultaneously with zymosan, a fungal cell wall ligand of TLR2, and dectin-1, a lectin that recognizes fungi, results in the expression of anti-inflammatory growth factors such as transforming growth factor-β. Treating nonobese diabetic (NOD)-severe combined immunodeficiency mice (a model of spontaneous T1D) with zymosan decreases hyperglycemia and results in higher rates of regulatory T cells (42) , suggesting that activation of TLR2 can protect against T1D. However, TLR2 knockout mice (TLR2 −/− mice were not resistant to this chemically induced diabetes, suggesting that TLR2 plays a more important role in T1D initiation, at least in mice (43) .
Hyperglycemia may be a consequence rather than a cause of TLR2 or TLR4 activation. TLR2 −/− mice fed a high-fat diet are protected from developing insulin resistance and have improved insulin signaling as compared with wild-type mice, raising the possibility that fatty acids signaling through TLR2 may promote inflammation (44) and, in turn, insulin resistance and hyperglycemia. In addition to fatty acids signaling through TLR2, they may also signal through TLR4. Indeed, monocytes from healthy humans fed cream had increased TLR4 expression as compared with those fed orange juice or water (45) . These data suggest that fat may be responsible for TLR activation in humans. Fatty acids may also be important contributors to IL1β production. Saturated fatty acids activate TLR2 dimers in the murine macrophage cell line RAW264.7, resulting in NF-κB activation, whereas polyunsaturated fatty acids inhibit TLR2 dimerization and, hence, downstream signaling pathways (46) . Saturated fatty acids also induce the expression of cyclooxygenase via TLR4 and activation of NF-κB (47) . In INS-1 β cells treated with palmitate, a saturated fatty acid, TLR4 interacts with MyD88 to increase c-Jun amino-terminal kinase activation, leading to cell death (48) . In addition, palmitate leads to an increased percentage of apoptosis in the INS-1E cell line as compared with oleate (49) . Fatty acids can also stimulate IL1β production in islets, and, according to one study, oleate elicits the greatest IL1β response in human islets, whereas stearate induces the greatest response in mouse islet cells (50) . Because fatty acid levels are elevated in children with T1D (51), it is possible that fatty acids may contribute to increased IL1β levels as well as islet cell death.
NLRP3 Inflammasome
As mentioned, the NLRP3 inflammasome is a protein complex including NLRP3 (also known as cryopyrin), apoptosis-associated speck-like protein, and caspase 1. Activation of NLRP3 leads to oligomerization and recruitment of apoptosis-associated speck-like protein and pro-caspase-1, with autocleavage and activation of caspase 1 (52) . Active caspase 1 cleaves pro-IL1β to active IL1β, which, when secreted, can exert direct cytotoxic effects as well as recruit other inflammatory cells. Pathogen-associated and damage-associated molecular pattern molecules and environmental irritants can activate NLRP3. Because the TLRs and IL1β are upregulated in T1D, it is likely that the NLRP3 inflammasome is activated in this condition. However, the NLRP3 inflammasome is the least studied component of this pathway. Additionally, there are inflammasome-independent means to activate IL1β such as neutrophil-and macrophage-derived serine proteases that process pro-IL1β into active fragments (53, 54) , and these inflammasome-independent pathways could play a potential role in T1D.
Of note, population-based studies in Brazil have identified a single-nucleotide polymorphism in NLRP3 that is associated with T1D (55) . Although this interesting observation should be studied in other populations, the mechanisms by which this single-nucleotide polymorphism, rs10754558, affects NLRP3 function are unknown.
A number of NLRP3 activating cofactors have been described. Thioredoxin-interacting protein (TXNIP) may activate the inflammasome via oxidative stress in pancreatic β-cells (56) but not in bone marrow-derived macrophages in the context of T2D (56, 57) . According to Zhou et al., NLRP3 activators generate reactive oxygen species such as H 2 O 2 that cause TXNIP to interact with NLRP3. This interaction is necessary for inflammasome activation and IL1β production in THP-1 cells. Further, TXNIP and NLRP3 knockout mice both show improved glucose tolerance as measured by oral glucose tolerance tests (56) . The involvement of TXNIP in the development of T1D is less clear. TXNIP knockout mice have larger β-cell mass relative to controls at baseline. After treatment with streptozotocin, the TXNIP knockout mice lost as much or more β-cell mass than the control mice but remained relatively resistant to the development of diabetes, likely because of their initially increased β-cell mass (58) .
Islet amyloid polypeptide (IAPP) is secreted with insulin by the β-cell. IAPP aggregates cause β-cell dysfunction in T2D and contribute to the recurrence of hyperglycemia after islet cell transplantation in T1D (59) . IAPP activates the NLRP3 inflammasome to act as a second signal to produce IL1β in macrophages (57) . Diabetic mice transplanted with human IAPP transgenic islets had an increased number of macrophages that were inhibited by exogenously administered IL-ra. In addition, IL1-ra reduced hyperglycemia associated with IAPP expression in diabetic mice that received human IAPP transgenic islets as compared with controls (59) .
Free fatty acids such as palmitate not only activate TLRs but, along with an additional signal such as LPS, induce activation of the NLRP3 inflammasome in bone marrow-derived macrophages. This activation leads to caspase 1 and IL1β production, which in turn leads to impaired insulin signaling in vitro and insulin resistance in vivo in mice fed high-fat diets (60) . Therefore, high levels of palmitate could potentially impair insulin signaling and cause insulin resistance in humans. However, not all evidence supports the involvement of the NLRP3 inflammasome in T1D. For example, crossing caspase 1 knockout mice with NOD mice resulted in the expected decrease in IL1β expression, but these mice did not have lower rates of spontaneous or streptozotocin-induced diabetes as compared with NOD mice with wild-type caspase 1 (61) . More research is necessary to better understand the role of the NLRP3 inflammasome in the development and exacerbation of T1D.
PoTEnTIal THERaPIES FoR T1D baSED on Il1β bIoloGY An improved understanding of T1D pathophysiology may identify novel treatment options for T1D. TLRs represent one important potential therapeutic target in the treatment or prevention of this disease. Pioglitazone, a peroxisome proliferator-activated receptor-γ agonist used to treat T2D, decreased mRNA and protein expression of TLR2 and TLR4 in human monocytes in vitro in a dose-dependent manner. Additionally, db/db mice (a model of obesity-induced T2D) given pioglitazone had decreased expression of TLR2, TLR4, and downstream inflammatory markers, as well as improved glucose tolerance (62) , suggesting the importance of the TLR pathway in diabetes pathophysiology. In addition, pioglitazone decreases apoptosis of human β-cells in vitro (24) .
The sulfonylurea glyburide inhibits the inflammasome upstream of NLRP3, resulting in decreased IL1β levels, and mice treated with glyburide have delayed death when treated with LPS as compared with controls (63) . These effects are independent of glyburide's effects on insulin secretion via the sulfonylurea receptor because another potent sulfonylurea, glipizide, had no effect on inflammasome activation (63) .
Direct blockade of IL1β has been studied extensively as a therapeutic strategy for T1D at the preclinical level. Treating rat islet cells with IL1-ra protects against proinflammatory cytokine (IL1β, tumor necrosis factor-α, and interferon-γ)-induced cell death. In addition, mice given rat islets pretreated with proinflammatory cytokines were unable to restore glycemic control, whereas mice treated with IL1-ra under the same conditions were able to restore normoglycemia for the 28-d experiment (64) . Further, although another group found that pretreatment of NOD mice with IL1-ra prevented hyperglycemia but not insulitis (65) , another group reported that previously diabetic NOD mice that received an islet transplantation and were then treated with IL1-ra remained euglycemic while they received the antagonist, whereas hyperglycemia recurred in control animals within 6 d after transplantation (66) . These promising preclinical studies may have an impact on how patients who receive islet cell transplants are treated and have prompted currently ongoing trials of IL1-ra in humans with T1D (ClinicalTrials. gov identifier NCT00947427 and NCT00711503). Indeed, we recently reported that patients with T1D treated with a 1-mo trial of the IL1-ra had decreased insulin requirements with similar hemoglobin A 1c levels relative to historical controls (67) . In addition to the interest in treating T1D patients with IL1-ra, there is an interest in using agents that remove IL1β from the circulation. Rilonacept is a fusion protein that binds to IL1β and prevents it from occupying its receptor, whereas canakinumab is a monoclonal antibody that binds to IL1β. There are ongoing clinical trials studying these drugs in patients with T1D (ClinicalTrials.gov identifier NCT00962026 and NCT00947427).
Collectively, these data provide promise for the development of new inflammasome-based therapeutics for diabetes.
ConClUSIonS
IL1β, a cytokine long associated with T1D, may play an important role in disease pathogenesis and possibly represents an early inflammatory marker of the disease. IL1β can be induced by various mechanisms. Because TLRs have been implicated in T1D pathogenesis, and activation of TLRs induces IL1β NLRP3 via the inflammasome, it is likely that TLR effects on T1D are mediated by IL1β. Better understanding of this complex regulatory pathway may provide new therapeutic targets to prevent or limit the severity of disease. Current US Food and Drug Administration-approved drugs that act on various parts of the TLR-inflammasome-IL1β pathway should be studied further in the context of T1D.
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